Abstract. Matrices containing PEO fail to provide stable drug release profiles when stored at elevated temperatures for a period of time. The present study aims to stabilize diltiazem HCl release from matrices made from various molecular weights of polyox powders. To this end, various molecular weights of polyox with and without vitamin E (0.25, 0.5 and 1% w/w) were stored at 40°C for 0, 2, 4 and 8 weeks. The aged polyox powders were then mixed with the model drug at a ratio of 1:1 and compressed into tablets. At different time intervals, the aged polyox with vitamin E were taken out of oven and mixed with the drug (1:1 ratio) and compressed into tablets. Dissolution studies showed a significant increase in diltiazem HCl release rate to occur with increased storage time at 40°C±1 from tablets made from the aged polyox (no vitamin E). This was as a result of depolymerization of the aged polyox powders as compared to the fresh polyox samples. This was confirmed by differential scanning calorimetry (DSC) which showed a reduction in the melting point of the aged samples. Concentrations of vitamin E as low as 0.25% w/w was able to overcome the quick release of drug from the matrices made from aged polyox powders. DSC traces showed that the melting point of aged polyox samples containing vitamin E remained the same as that of the fresh samples. The presence of vitamin E is essential to stabilize the drug release from polyox matrices containing diltiazem HCl.
INTRODUCTION
Hydrophilic polymer matrices release entrapped drug into aqueous media by regulating the release of the drug through the management of swelling and cross-linking of polymers. This makes the appropriate polymer of choice with regards to controlled release applications. The high water affinity for these polymers mean that the molecular forces between water and the polymers are likely to be preferred over polymer-polymer interactions. A gel layer thus results upon contact of the hydrophilic polymer on or near the surface due to hydration. This hydration and gel layer controls water ingress into the matrix and as such controls or has an influence on the mechanism by which a drug is released. Erosion tends to be the dominant release mechanism as far as poorly soluble drugs are concerned. The other mechanistic approach is diffusion and this is the dominant release mechanism with regards to soluble drugs (1-4).
There are several types of polymers used to control the release of drugs from the dosage forms for absorption by the body. These include polymers such as hydroxypropylmethylcellulose (HPMC or hypromellose), sodium carboxymethylcellulose (Na CMC) and psyllium and sodium alginate (5, 6) .
Recently, polyethylene oxides (PEOs) have been suggested as alternatives to HPMC for the controlled polymeric matrix systems (7) (8) (9) . Polyethylene oxide is a water-soluble non-ionic homo polymer of ethylene oxide, represented by the formula: (OCH 2 CH 2 ) n wherein n represents the average number (ranges from 2 to 180) of oxy-ethylene oxide groups. The use of PEO is mostly attributed to the desirable hydration and modified release properties of the different grades and molecular weights ranging from 100,000 to 7,000,000 (9) (10) (11) (12) . PEOs have also been broadly employed for the preparation of sustained released tablets because of ease of production, insensitivity to the pH of the biological medium, high water solubility, high swelling and non-toxicity (8) .
The main disadvantage with PEO matrices is the difficulty of obtaining a stable drug release when the tablets are stored for a period of time. This is due to the poor stability of polyox under storage conditions (13) . Sako and coworkers (14) showed that a matrix tablet consisting of drug and PEO failed to release the drug adequately in vivo, despite it successfully achieving extended release in vitro. They attributed this to the difference in water conditions which affected the formation of hydrogel around the tablet (14) .
Diltiazem hydrochloride is a calcium channel blocker widely used in the treatment of angina pectoris and has recently become very popular for the treatment of old-age hypertension. The drug is well absorbed from gastrointestinal tract. The half-life of diltiazem HCl is 4.5 h and needs to be administrated three to four times a day. Because of its short biological half-life and frequent administration, it is considered as a suitable candidate to formulate it into a controlled release drug delivery system (15) .
The main aim of the present work was to stabilize the drug release from the different molecular weighted polyox tablet matrices containing antioxidant stored at an elevated temperature. ) produced by Dow Chemical (Philadelphia, USA) and distributed by Colorcon (Kent, UK) were used. Vitamin E succinate as an antioxidant was purchased from Sigma-Aldrich (UK).
MATERIALS AND METHODS

Materials
Preparation of Powders for Tabletting
In order to investigate the effect of storage time on the physicochemical properties of polyox polymers, 10 g of each polymer was stored at 40°C in a screw cap glass vial and subjected to ageing for a period of 0, 2, 4 or 8 weeks. Two different ratios of Diltiazem HCl/polyox at ratios of 1:1 and 2:1 were prepared and mixed in a turbula blender (Willy A. Bachofen AG, Maschinenfabrik, Basel, Switzerland) for 10 min after the respective storage periods. Matrix tablets of 8 mm in diameter with target weights of 240 and 180 mg for the ratios of 1:1 and 2:1, respectively, were prepared by the compression of the above mixtures at 1,500 psi (Model MTCM-1, Globe Pharma, US) . The tablets made from aged polyox powders were then subjected to dissolution testing.
To investigate the effect of vitamin E succinate on drug release rate, polyox powders were mixed with different concentration of vitamin E (0.25%, 0.5%, or 1% w/w) before being subjected to the ageing process as above at 40°C. At the different time intervals (0, 2, 4 or 8 weeks) these powders containing vitamin E were mixed with diltiazem HCl and compressed into tablets as described above.
True Density Measurement of Powders
True densities of powders before and after storage times (0, 2, 4, and 8 weeks) were measured using the Ultra pycnometer 1000 (Quantochrom, USA). To carry out this test 3 to 5 g of sample was used and the results reported are the mean and standard deviation of three determinations.
Hardness Measurement of Tablets
The Dr. Schleuniger tablet hardness tester (8M, Switzerland) was used to investigate any changes in the tablet hardness of matrices before and after the storage times. The hardness of at least 3 tablets was determined.
Dissolution Studies
The USP paddle method (16) (Erweka, Germany) was used to monitor the dissolution profiles of the diltiazem HCl tablet matrices. The dissolution medium used was 900 ml of distilled water equilibrated to 37°C±0.1°C. The paddles were rotated at 100 rpm. Samples were withdrawn every 15 min up to 2 h, then every 30 min up to 12 h from the dissolution flask using a peristaltic pump. The concentration of diltiazem HCl in the samples was determined by UV spectrophotometer at 240 nm using a Shimadzu UV-visible spectrophotometer.
Dissolution Parameters
Dissolution efficiency and mean dissolution rate were used to represent the dissolution rate from various preparations. Dissolution efficiency was used as the criterion for comparing the effect of polymer and antioxidant on the release rate of diltiazem HCl. The dissolution efficiency (DE) of a pharmaceutical dosage form is defined as the area under the dissolution curve up to a certain time, t, expressed as percentage of the area of the rectangle described by 100% dissolution in the same time (17) as detailed elsewhere (18) .
An alternative parameter that describes the dissolution rate is the mean dissolution time (MDT); the most likely time for a molecule to be dissolved from a solid dosage form. Therefore, MDT is the mean time for the drug to dissolve under in vitro dissolution conditions as detailed elsewhere (18) .
Kinetics Models
The kinetic models were used to elucidate the mechanism of drug transport by simply comparing the release data to mathematical models such as Peppas model, Higuchi model, zeroand first-order kinetics. To study the mechanism of drug release from matrix tablets, the release data were fitted to well known empirical equation proposed by Korsmeyer and Peppas (19) .
Where M t /M is the fractional drug release, t is the release time, k denotes as the kinetic constant and n is the diffusion exponent characteristics of the release mechanism. For a cylinder matrix that can swell, 0.89<n<1 indicates a supper case II, and n=0.89 shows for the case II release kinetics, while 0.45<n<0.89 shows anomalous release kinetics and when n<0.45 shows Fickian diffusion release kinetics (20, 21) .
The equation of similarity factor proposed by Moore and Flanner (22) is represented in Eq. 1:
Where f 2 is similarity factor, n is the number of observations, R t is percentage of drug dissolved from reference formulation and T t is average percentage of drug dissolved from test formulation.
If the value of f 2 is greater than 50 then we can conclude that products show similar dissolution. In contrast, if the f 2 values are less than 50, there is no similarity between reference and test formulation (22) .
Differential Scanning Calorimetry (DSC) Study
Differential scanning calorimetry (DSC; DSC7, Mettler Toledo, Switzerland) was used to study the thermal properties of fresh and aged polyox polymers. The effect of vitamin E on the thermal behaviour of polyox samples was also investigated. The DSC equipment was calibrated using indium. Approximately 4-5 mg of sample was weighed and heated in the range of 25 to 250°C at a scanning rate of 10°C/min in aluminum pans under nitrogen gas.
Viscosity Measurement
Ground tablet samples were prepared at a 0.5%w/v concentration in distilled water using gentle agitation on a radial shaker for 12 h at 25°C. They were tested using a Brookfield Model DV-II+ Pro viscometer Harlow, UK using spindles 61 and 62 together with rotation speeds of 60 rpm. Results presented are an average of three runs.
RESULTS AND DISCUSSION
The Influence of Storage Conditions on True Density and Hardness
All formulations were relatively robust in terms of hardness. The results demonstrated that there was no significant difference between true density of powders before and after storing the powders for up to 8 weeks at 40°C (data not included). The range of true density values for fresh samples was between 1.22 and 1.25 g/cm 3 and after 8 weeks was almost the same (1.21-1.25 g/cm 3 ). Similar results were obtained for polyox powders containing different concentrations of antioxidant (0.25%, 0.5% and 1% w/w). The effect of storage conditions on the hardness of tablets made from aged polyox powders with different ratios of drug/polymer (1:1 and 2:1) is shown in Table I . Table I shows that an increase in the molecular weight of polyox brings about an increase in the hardness. This phenomenon could be due to a better compactibility of PEO with high molecular weight as compared to lower molecular weighted PEO (Table I) . These results also indicated a slight decrease in hardness values of the tablets made from aged polyox powders during storage time. However, the slight decrease in the hardness was not significantly different in all cases. The slight reduction in the hardness might be due to degradation, depolymerisation and crystallinity changes of the aged PEO samples.
In other words, generally, the longer the storage time the lower the hardness. Similar results were reported by Nokhodchi et al. (23) who reported that elevated temperatures can alter the mechanical properties of tablets. Engineer et al. (24) investigated the effect of temperature on the hardness of sustained release diphenhydramine HCl tablets. They showed that the maximum hardness was achieved much quicker for the tablets stored at 40°C than for the tablets stored at 25°C, which could be attributed to a faster acquisition of equilibrium moisture content at high temperatures.
The results also illustrated that there was a remarkable difference (ANOVA p>0.05) between hardness of tablets prepared from 1:1 and 2:1 drug/polymer ratios which would be owing to the different amounts of drug in the tablets. The results showed that an increase in the concentration of drug in the formulations (drug/polymer 1:1 and 2:1 ratios) resulted in a reduction in the hardness of tablet matrices. Similar pattern was observed for other polyox polymers as shown in Table I . This could be due to poor compactibility of drug compared to polyox polymer as the contribution of drug in 2:1 ratio is higher than 1:1 ratio. On the other hand, polyox polymers show better compactibility compared to pure drug, thus more polymer in the formulation higher the hardness (13).
Influence of Storage Conditions and Various Molecular Weights on Drug Release
In the preliminary experiments, two different ratios of drug/polyox (1:1 and 2:1) were chosen to investigate the effect of drug or polymer concentration on the release rate of diltiazem HCl from polyox matrices (fresh samples). Figure 1 compares the drug release from different ratios of drug/polymer for all grades of polyox used. It was observed that when the tablets made from the polyox powder was introduced into the dissolution medium that the extent of swelling decreased with the increasing the amount of drug. An increase in the concentration of drug in the formulation also resulted in an increase in the release of diltiazem HCl from the polyox matrices (Fig. 1) . In matrices with low concentration of polyox there is a less degree of swelling that probably results in the formation of more areas of low microviscosity in the gel structure for the drug to channel through, and this could have resulted in a faster drug release (25) . The figure also shows drug release from matrices containing low molecular weight PEO to be faster than high molecular weight in both ratios. This could be due to the low viscosity of the gel formed around tablets. Similarity f 2 test showed that there is a significant difference between drug release from different molecular weights and also different ratios of drug/ polymer (f 2 <50). On the basis of the release profiles (Fig. 1) , we came to this conclusion that the ratio of drug/polymer 1:1 gives reasonable release profile for period of 12 h to investigate the effect of storage conditions on the drug release. Therefore, this ratio was chosen for further investigation as explained below.
In order to investigate the effects of storage conditions and different molecular weight PEO on drug release rate of diltiazem hydrochloride, various molecular weight of PEO were chosen as the inert matrix. Figure 2 shows the drug release profiles of diltiazem hydrochloride from the tablets made from varying molecular weight PEO powder stored at 40°C for different period of times (0, 2, 4 and 8 weeks). The results demonstrated that the release rate of diltiazem hydrochloride was dependent on the molecular weight of the polymer and the storage time. Diltiazem hydrochloride's release was significantly increased from the tablets made from aged polyox powders as compared to the fresh tablets (fresh or 0 weeks) (Fig. 2) . Drug release was therefore ranked as follows (8>4>2> 0 weeks). This increase in drug release could be due to oxidative degradation primarily in the amorphous region of the polymers (26) . Comparing Fig. 2a (lowest polyox molecular weight) and d (highest polyox molecular weight) indicates that the higher molecular weighted polyox is more sensitive to storage conditions than lower molecular weighted polyox in terms of drug release. This phenomenon could be due to more structural changes in higher molecular weight compared to lower molecular weight, i.e. an increase in the degree of crystallinity and volume relaxation (27) . The structural changes of PEO leads to stronger polymer-polymer interactions and results in the decrease of the strength of the binary bonds formed between the PEO chains and other molecules (28) .
DE and MDT were used to compare the dissolution data (Table II) . Dissolution efficiency values are consistent with dissolution profiles and these data confirmed that the drug release rate from various PEO is faster when they are stored at 40°C for different times. For instance, the dissolution efficiency value of PEO 303 at time 0 weeks (fresh samples) was 58.4% whereas this value increased to 85.5% for matrices made from polyox powder stored for 8 weeks at 40°C. Similar patterns were observed for the other molecular weighted PEO (Table II) . The results obtained for MDT also confirmed the same conclusion drawn from DE data. For instance, MDT for fresh PEO 750 tablets was 1.60 h while this value decreased to 0.16 h at 8 weeks storage time which is an indication of very fast drug release for the tablets stored at 40°C for 8 weeks. All these results indicated that obtaining a stable drug release from polyox tablets made from aged polyox powder stored at 40°C seems to be very difficult. All f 2 values were less than 50 when the fresh tablets were compared to the aged polyox powder which is an indication of no similarity between their release profiles.
To elucidate the dissolution results further, the thermal behaviour of the fresh polyox and aged powder were studied by DSC thermograms (Fig. 3) . The endothermic peak at 70°C for fresh sample (0 week) corresponds to its melting point. As the storage time was increased, there was a shift of the melting peak towards lower temperatures for the aged samples (Table III) . This behaviour can be attributed to the degradation and depolymerisation of the PEO polymer during the storage times. The reduction in melting points of polyox samples stored for different period of times also showed a reduction in their enthalpies with increased storage times. For example, the enthalpy of the fresh polyox 303 was 169 J g −1 whereas this value reduced to 128 J g −1 for the same sample when stored at 40°C for 8 weeks. This could mean that there is a change in the amorphous content and/or crystallinity of the polymer (28) . The explanation for this decreasing melting enthalpy with storage time suggests that a depolymerization occurred in the amorphous part of PEO during storage time. Similar patterns were obtained for other polyox samples with different molecular weights. Viscosity data also confirmed a reduction in the molecular weight of the polyox samples as the viscosities of 0.5% fresh polyox 750 (the lowest molecular weight) and 303 (the highest molecular weight) in water were 46 and 720 cP respectively, whereas after 8 weeks storage at 40°C the viscosity reduced to 39 and 91 cP respectively. This also indicates that the sensitivity of the highest molecular weight (polyox 303) against storage time was more than that of the lowest molecular weight (polyox 750).
The Effect of Vitamin E Succinate and their Concentrations on Drug Release Stability and DSC Thermogram
The Effect of Vitamin E on Drug Release Stability Figures 4, 5, 6 and 7 show the effect of the three concentrations of vitamin E succinate (0.25%, 0.5%, and 1% w/w) on the release rate of diltiazem HCl from the matrices made from various molecular weight polyox powders stored for different times (0, 2, 4 and 8 weeks) at 40°C. The results showed that the inclusion of vitamin E to polyox powders stored at the elevated temperature had a remarkable difference in the drug release as compared to the matrices without vitamin E (Fig. 2,  4, 5, 6 and 7) . The vitamin E therefore stabilized the PEO and prevented rapid drug release at different storage times (0, 2, 4, 8 weeks). This indicates that the presence of vitamin E in polyox samples is crucial to obtain similar drug release profiles when they are stored at elevated temperature. When vitamin E is dispersed into the PEO powders, the antioxidant nature of vitamin E (29) may have delayed the penetration of oxygen into the PEO powders during the storage time thus making the polyox polymer stable in the presence of vitamin E (30) . Figures 4, 5, 6 , and 7 also show the effect of vitamin E concentration on the drug release. The results of the effect of three different concentrations of vitamin E on drug release profiles from various PEO matrices demonstrated that when higher concentration of vitamin E (0.5 and 1%) was used in the formulation no difference was observed between the dissolution profiles of polyox matrices stored at 40°C for different period of times (p>0.05). Whereas the difference in the drug release for different storage times is more obvious when vitamin E with 0.25% was used particularly in case of polyox 303 (Fig. 7) . Figure 7 showed vitamin E to perform best (as a stabilizer) in the matrices made from the highest molecular weight polyox powder stored at elevated temperature up to 8 weeks. f 2 test was employed to investigate the effect of vitamin E and all f 2 values obtained were above 50 which is an indication of similarity in dissolution profiles between fresh samples and aged samples containing vitamin E. Effect of Vitamin E Succinate on DSC Thermograms DSC thermograms of polyox powder (PEO 303) with and without vitamin E stored for 8 weeks at 40°C are shown in Fig. 8 . These show that samples containing 0.5% or 1% vitamin E showed similar melting points (71 and 72°C) to the fresh samples (72°C), whereas sample without vitamin E stored for 8 weeks showed melting point around 68°C. This behaviour can be attributed to the effect of vitamin E on degradation and depolymerization of the PEO polymer during its storage time. The DSC traces of fresh PEO 750 (the lowest molecular eight) also showed an endothermic peak at 70°C which was reduced to 66.7°C when it was stored for 8 weeks at 40°C. The presence of vitamin E stabilized the melting point of aged samples around the melting point of the fresh sample. These results also demonstrated when vitamin E succinate was incorporated into the PEO powders, depolymerisation and degradation of PEO delayed leading to more stability of polymer against temperature.
These results are confirmed by the DSC data in Table IV which shows enthalpy, onset and melting points for the highest and lowest PEO molecular weight stored for 8 weeks in the absence and the presence of vitamin E. As can be seen from Table IV there is an increase in enthalpies when vitamin E was incorporated into the formulation. The explanation for this increasing melting enthalpy suggests that repair crystallinity occurred in amorphous part of PEO after adding and incorporating vitamin E with PEO powder (30) .
KINETICS STUDY
An increase in the molecular weight of polyox changed the mechanism of drug release from Fickian diffusion to the combination of erosion and diffusion (Fig. 9) . Similar patterns were observed for all matrices made from aged polyox samples without vitamin E. Figure 9 also showed that for the given molecular weight an increase in the storage time resulted in a reduction in n values. This indicates that the storage time also has an influence on the mechanism of drug release. For example, at the lowest molecular weight (PEO 750) all n values for different storage times were below 0.45 (Fickian diffusion), whereas in case of PEO 1105 when the storage time was increased from 0 to 8 weeks the n value significantly decreased such that the mechanism of drug release was changed from the combination of erosion and diffusion to diffusion only (Fig. 9) . The reduction in the n values from the matrices containing (Table V) . n values did not decrease at 8 weeks storage time when vitamin E was present in the samples. In the case of PEO 303, the n value decreased from 0.71 (fresh sample) to 0.59 (aged sample without vitamin E), but when vitamin E with different concentrations was incorporated as antioxidant the n values varied between 0.62-0.75 (depending on the concentration of vitamin E) which was closer to the n value of the fresh sample. The n value of most of the samples in the presence of vitamin E was above 0.45 which is an indication of anomalous transport as the kinetics of drug release (19, (31) (32) (33) .
CONCLUSION
Different molecular weights of polyethylene oxide (PEO 750, 1105, 301 and 303) can be used successfully in controlled release drug delivery due to their excellent matrix forming properties. However, when matrices made from aged polyox powders or tablets made from fresh polyox stored at elevated temperature, significant increases in drug release was observed. The incorporation of vitamin E at different concentrations can increase the stability of polyox polymers hence desirable release profiles. The molecular weight of polyox and storage time at elevated temperatures have a significant effect on the mechanism of drug release. The higher molecular weighted PEO was more sensitive and susceptible to temperature as compared to the lower polyox molecular weight. Although the presence of 0.25% w/w vitamin E can stabilize the drug release from polyox matrices, this concentration might not be enough in long term storage, therefore, the present study suggests that incorporation of vitamin E concentration ≥0.5% w/w would be ideal. 
